The objective of the research was to study the effects of alkylidene bridges on the conformations and the conformational behaviour of overcrowded homomerous bistricyclic aromatic ethenes (1). The isopropylidenebridged bistricyclic ethene 2 and 3 were synthesized by a reductive "dimerization" of 7, using TiCl 4 -Zn-pyridine-THF. The methylene-bridged bistricyclic ethenes 4-6 were synthesized by LiAlH 4 -AlCl 3 -Et 2 O reductions of the corresponding bianthrones. The structures of 2-6 were established by 1 H-and 13 C-NMR spectroscopy and in the cases of 2 and 3, also by X-ray analysis. Compounds 2 and 3 adopted C i -anti-folded conformations with 53.0Њ and 28.8Њ folding dihedrals between pairs of benzene rings of tricyclic moieties. The central C 9 ᎐ ᎐ C 9Ј bond in 2 was essentially planar. A short C 9 ؒ ؒ ؒ C 10 distance of 2.81 Å in 2 indicated an intramolecular overcrowding effect in the highly folded bistricyclic ethene. Semiempirical PM3 and AM1 calculations of the anti-folded, syn-folded, twisted and orthogonally twisted conformations of 2 and 4 indicated that anti-folded 2 and 4 were the most stable conformations with folding dihedrals of 48.7Њ and 45.0Њ, respectively at AM1. A DNMR spectroscopic study of E, Z-isomerizations and conformational inversions gave ∆G c ‡ (E Z) = 99.6 kJ mol Ϫ1 (CDBr 3 ) and ∆G c # (inversion) = 97.9 kJ mol Ϫ1 (hexachlorobutadiene) in 5 and ∆G c ‡ (inversion) > 108 kJ mol Ϫ1 (benzophenone) in 3. These high energy barriers were interpreted in terms of less overcrowded fjord regions in the anti-folded ground-state conformations.
Introduction
Bistricyclic aromatic enes (1) have served as attractive substrates for the study of the conformations and dynamic stereochemistry of overcrowded ethenes.
1-3 Several of these systems, e.g., bianthrone (1, X = Y: C᎐ ᎐ O) and dixanthylene (1, X = Y: O), display thermochromic, photochromic and piezochromic properties. 3 The bistricyclic enes are nonplanar due to the intramolecular overcrowding in their fjord regions. 3 The nonplanarity introduces the notion of chirality to the arena of these interesting compounds. 4 Two principal modes of out-ofplane deviation were considered: twisting around the central carbon-carbon double bond and out-of-plane bending. 5 In 1, the bending is realized by folding of the tricyclic moieties at both ends of the central ene about the C 9 ؒ ؒ ؒ X and C 9Ј ؒ ؒ ؒ Y axes, resulting in boat conformations of the central rings. In addition, the atoms C 9 and C 9Ј may be pyramidalized. Four pure conformations of 1 were considered: the twisted (t), the anti-folded (a), the syn-folded (s) and the orthogonally twisted (t ⊥ ) conformations (Fig. 1) . 3 Homomerous bistricyclic enes (1, † Deceased, 3.5.1982 . ‡ Present address: Department of Chemistry, The University of Oslo, 0315 Blindern, Oslo, Norway. X = Y) with five-membered and six-membered central rings adopt twisted conformations (t) and anti-folded (a) conformations, respectively.
3
Bistricyclic enes may undergo the following fundamental dynamic processes: 3 1. E,Z-isomerization (e.g., t E t Z , a E a Z ), 2. Conformational inversion, e.g., inversion of the helicity in the twisted 1 (t P t M ) or inversion of the boat conformation in the central rings of folded 1, 3. syn, anti-isomerization (a s), anti, twisted-isomerization (a t) and syn, twisted-isomerization (s t). 4 . Enantiomerization and racemization may also be considered in these processes. The dynamic stereochemistry of bistricyclic enes 1 with central six-membered rings have been studied by Agranat et al., and by Feringa et al., using dynamic NMR (DNMR) and equilibration techniques, when one of the conformational isomers is available in a pure form.
3-9
The DNMR studies revealed low barriers for thermal E,Z-isomerization (∆G c ‡ = 75-115 kJ mol Ϫ1 ).
3,6-10
The range of free energies of activation for thermal conformational inversion of bistricyclic enes with central sixmembered rings was found to be similar. These remarkably low energy barriers were interpreted predominantly in terms of ground state destabilization due to steric strain and overcrowding. 3 It has been shown that the barriers depend on the bridges View Article Online / Journal Homepage / Table of Contents for this issue X and Y, on the C-X and C-Y bond lengths, and on the C 4a -C 10a distances.
6
The present article describes the syntheses, molecular and crystal structures, semiempirical calculations and DNMR study of homomerous bistricyclic enes with methylene and isopropylidene bridges (1, X = Y: CH 2 and 1, X = Y: CMe 2 ). In these systems, the C sp 2-C sp 3 bonds at the bridges (C 4a -C 10 and C 10 -C 10a ) are expected to be longer than the corresponding C 4a -X and C 4a -Y in dixanthylene, N,NЈ-dimethylbiacridan and bianthrone.
3 The alkylidene-bridged 1 are thus expected to possess a higher degree of folding and to be less overcrowded in the fjord regions. Furthermore, the methylene and isopropylidene bridges contain axial and equatorial hydrogen atoms and methyl groups in the boat-shaped central six-membered rings, which in principle allow a determination of the inversion barriers of the parent bistricyclic enes. Heteromerous bistricyclic enes with one CMe 2 bridge have previously been studied.
11

Synthesis
The following compounds were synthesized: 10-[10,10-dimethyl-9(10H)-anthracenylidene]-9,10-dihydro-9,9-dimethylanthracene (2), 10-[10,10-dimethyl-9(10H)-anthracenyl]-9,10-dihydro-9,9-dimethylanthracene (3), 9-[9(10H)-anthracenylidene]-9,10-dihydroanthracene (4), 9-[2-methyl-9(10H)-anthracenylidene]-9,10-dihydro-2-methylanthracene (5) and 5-[3-methyl-5(12H)-naphthacenylidene]-5,12-dihydro-3-methylnaphthacene (6) . The synthesis of 2 was accomplished by a low-valent titanium-induced reductive "dimerization" of 10,10-dimethylanthracen-9(10H)-one (7) using the MukaiyamaLenoir procedure 12-14 of the McMurry reaction 15 (TiCl 4 -Znpyridine-THF) (Scheme 1). The reaction afforded a 1 : 3 mixture of 2 and 3 in 66% yield. The products were separated and purified by recrystallizations. Hydrocarbon 2 has been prepared by a reductive "dimerization" of 7, using zinc in AcOH-HCl.
16
Hydrocarbon 3 has been prepared by hydrogenation of 2, using sodium in pentan-1-ol.
Compounds 4-6 were synthesized by LiAlH 4 -AlCl 3 reduction of bianthrone, 2,2Ј-dimethylbianthrone and 12-[3-methyl-12-oxo-5(12H)-naphthacenylidene]-2-methylnaphthacen-5(12H)-one, respectively. The synthesis of 4 by a LiAlH 4 reduction of bianthrone 17 and by a reductive "dimerization" of anthrone using aluminium in CH 3 CN under the irradiation of ultrasonic wave 18 has been reported. Compounds 5 and 6 were obtained as mixtures of E-and Z-diastereomers. The synthesis of (E)-5 and (Z)-5 is depicted in Scheme 2. The structures of 2-6 were established by NMR spectroscopy and elemental analysis. It is possible to distinguish qualitatively among the twisted, syn-folded and anti-folded conformations of homomerous bistricyclic enes (1, X = Y) in solution, using 1 H-NMR spectroscopy. In the cases of 2 and 4, the fjord region protons appear at 7.010 and 6.984 ppm, respectively, indicating that these hydrocarbons adopt anti-folded conformations in solution.
3, 8 A similar picture appears in 5 and 6. In the case of 4, complete assignments were made through two-dimensional correlation spectroscopy (COSY, HSOC, HMBC, NOESY). In the 1 H-NMR spectrum of 4, the methylene protons appear as an AB system at 4.240 and 3.865 ppm. The doublet at 4.240 ppm representing one of the protons of each methylene group was broad, while the second doublet at 3.865 ppm representing the other proton of each methylene group was sharp. In the aromatic region, the double doublet at 7.365 ppm representing H 4 , H 5 , H 4Ј , H 5Ј was also broad. A COSY experiment indicated an allylic coupling between the 7.365 ppm doublet and the 4.240 ppm doublet. A NOESY experiment indicated through space interactions between the 7.365 ppm doublet and the 3.865 ppm doublet. On the basis of these experiments, it is concluded that the 3.865 ppm doublet is due to the equatorial H 10eq while the 4.240 ppm doublet is due to the axial H 10ax .
Molecular and crystal structures §
Compounds 2 and 3 crystallized in the space group P2 1 /c.
19
Fig . 2 gives an ORTEP diagram of one molecule of 2 as determined by X-ray analysis. Table 1 gives the conformations and selected geometrical parameters of 2-4 derived from the crystal structures and from semiempirical calculations (vide infra).
The molecular and crystal structures of 2 show that the molecule adopts a C i -anti-folded conformation (a-2). The folding dihedral angle (between the least-squares-planes of the two benzene rings of each tricyclic moiety) of 2 is 53.0Њ. For comparison, the degree of folding of a metalo-based (PdCl 2 bridge) bistricyclic ene with the 9,9-dimethyl-9,10-dihydroanthracenylidene moiety is 48.8Њ.
11 The degree of overcrowding in the fjord regions of 2, as reflected in the intramolecular distances C 1 ؒ ؒ ؒ C 1Ј , C 1 ؒ ؒ ؒ H 1Ј , and H 1 ؒ ؒ ؒ H 1Ј is hardly significant: 3.13, 2.97 and 3.11 Å, respectively. For comparison, the van der Waals radii of carbon and hydrogen are 1.71 and 1.15 Å, resulting in van der Waals C ؒ ؒ ؒ C, C ؒ ؒ ؒ H and H ؒ ؒ ؒ H contact distances of 3.42 Å, 2.86 and 2.30 Å, respectively. 20 The above C 1 ؒ ؒ ؒ C 1Ј distance in 2 reflects only an 8% penetration, while the above C 1 ؒ ؒ ؒ H 1Ј and H 1 ؒ ؒ ؒ H 1Ј distances do not indicate any penetration. On the other hand, the transannular C 9 ؒ ؒ ؒ C 10 distance, 2.81 Å is considerably shorter than the C ؒ ؒ ؒ C, van der Waals contact distance, reflecting an 18% penetration. These short distances indicate an additional effect of intramolecular overcrowding in highly folded bistricyclic enes.
In the previously reported structures of anti-folded homomerous bistricyclic enes, pyramidal C 9 ᎐ ᎐ C 9Ј carbon atoms have been noted. However, the central carbon-carbon double bond in 2 is essentially planar, with negligible values of the pyramidalization angles χ 9 and χ 9Ј 3 and a pure twist of zero.
3
The C 9 ᎐ ᎐ C 9Ј bond length is 1.347 Å. The relatively long C 4a -C 10 bonds at the bridges, 1.534/1.531 Å, probably enhance the degree of folding. Overcrowding is also evident in the short contact distances between a methyl hydrogen and the corresponding peri-hydrogens (H 4 , H 5 ): 2.16 Å. 
Semiempirical calculations
Recently, a systematic theoretical survey of overcrowded homomerous and heteromerous bistricyclic enes 1 has been carried out, using MOPAC 6.00 and the semiempirical method PM3. 3 The methylene-and isopropylidene-bridged bistricyclic enes 4 and 2 have been included, inter alia, in the modelling.
3
The present article reports the results of the PM3 21 and AM1
22
calculations of 4 and 2, using MOPAC 93. 23 Comparisons of AM1 with PM3 have been commented on.
24, 25 The following conformations of 2 and 4 have been considered:
, and the corresponding conformations of 4, a-4, s-4, t-4 and t ⊥ -4. The various conformations have been fully optimized (Keywords: EF SYMMETRY PRECISE GNORM = 0.1 LET DDMIN = 0.0; for orthogonal conformations BIRADICAL was added) and their vibrational frequencies calculated (Keywords: FORCE PRECISE SYMMETRY; for orthogonal conformations BIRADICAL was added). The following conformations were found to be bona fide minima (positive vibrational frequencies):
The following conformations were found to be transition states (one imaginary frequency):
On the other hand, D 2 -t-2 at PM3 and C 2v -s-2 at AM1 were found to be second order saddle points. Surprisingly, D 2d -t ⊥ -2 at PM3 was found to be a third order saddle point.
The semiempirical enthalpies of formation (∆H f Њ) of the conformations of 2 and 4, the conformational energies (∆∆H f Њ) of 2 and 4 (relative to the respective anti-folded global minimum conformation) and selected geometrical parameters of the conformations of 2 and 4 derived from the PM3 and AM1 calculations are included in Table 1 , together with the corresponding geometrical parameters derived from the crystal structures of 2 and 3. The 3D structures of the AM1 optimized s-2 and a-4 are given in Fig. 4 and Fig. 5 . The most stable conformations of 2 and 4 are the anti-folded conformations a-2 and a-4. Their fold- ing dihedrals are 48.7Њ and 45.0Њ at AM1, as compared with 53.0Њ in the crystal structures of 2. In a-2, the C 4a -C 10 bond at the bridge is elongated, 1.517 Å (PM3) and 1.512 (AM1) as compared with a-4, 1.496 Å (PM3) and 1.491 Å (AM1).
In a-2, severe methyl, peri-H interactions are noted: the CH 3 ؒ ؒ ؒ H 4 contact distance is 1.87 Å (PM3) and 2.03 Å (AM1). The short CH 3 ؒ ؒ ؒ C 9 contact distance in a-2 should also be noted: 2.76 Å (PM3) and 2.57 Å (AM1). These values are only slightly shorter than the van der Waals hydrogen ؒ ؒ ؒ carbon contact distance (2.86 Å). 20 In a-4, the C 9 ؒ ؒ ؒ C 10 dis- related 10,10Ј-dimethylene derivative of 4 indicated that the syn-folded conformation is less stable than the anti-folded conformation by 39.1 kJ mol
Ϫ1
. 26 The syn-folded conformations show also short H 1 ؒ ؒ ؒ H 1Ј contact distances at the fjord regions (1.72 Å (PM3) and 2.04 Å (AM1) in C 2 -s-2 and 1.74 Å (PM3) and 1.94 Å (AM1) in s-4). In C 2 -s-2, very short CH 3 ؒ ؒ ؒ H 3 C distances between the bridges are noted: 1.67 Å (PM3) and 2.07 Å (AM1). The conformational energies of the twisted conformations t-2 and t-4 are practically identical, 63 kJ mol Ϫ1 (AM1). The a-4→s-4 photoisomerization and a CFF-π electron-CI calculation of s-4 have been reported.
27,28
DNMR Spectroscopy
The synthesis of 5 and 6 allowed a DNMR spectroscopic study of the conformational inversions and E,Z-isomerizations of these methylene-bridged bistricyclic enes. The 1 H-NMR spectrum of 5 included two methyl singlets, indicating the presence of the E-and Z-diastereomers. In an anti-folded conformation of 5, the symmetries of the E-and Z-diastereomers are C i and C 2 respectively; causing both methyl substituents in each diastereomer to be isochronous. The thermal E,Z-isomeriz- ation was studied by monitoring the coalescence of the two methyl signals representing the E-and the Z-diastereomers, respectively. The conformational inversion of 5 and 6 was studied by monitoring the 1 H-NMR coalescence of the AB system representing the diastereotopic axial and equatorial hydrogens of the CH 2 bridges. It should be noted that in 5 and 6, there was not any difference in the chemical shifts of the hydrogens of the CH 2 bridges between the E-and the Z-diastereomers. The results of the DNMR study are summarized in 11 The authors suggested that in these cases the results indicated considerable steric hindrance for the isomerization process inverting the folded conformations, and that metal binding results in folded structures completely inert towards interconversions.
11 In the case of 9-[10,10-dimethyl-9(10H)-anthracenylidene]-2-methyl-9H-thioxanthene in which the bridges are CMe 2 and S, the racemization barrier ∆G c ‡ = 105 ± 1 kJ mol Ϫ1 .
6 Table 3 gives the free energies of activation for thermal E,Zisomerizations and for thermal conformational inversions of various homomerous bistricyclic enes. The most remarkable result of the present DNMR studies is the relatively high and essentially identical values of the free energies of activation for the E,Z-isomerization and for the conformational inversion. These results are consistent with the mechanisms of the conformational processes of anti-folded bistricyclic enes depicted in Fig. 6 and 7. 3 These mechanisms involve a common "edge passage" highest transition state. The higher energy barriers observed in the cases of the methylene-bridged and isopropylidene-bridged bistricyclic enes (e.g., 5 and 2) as compared with dixanthylenes 8 and bianthrones 9 are primarily due to the less overcrowded fjord regions in the anti-folded ground states of these systems. The longer C-X bonds in 2, 5 and 6 and the longer C 4a ؒ ؒ ؒ C 10a bridge distance allow a higher degree of folding and thus a reduced overcrowding in the fjord regions.
6 Such an effect is more pronounced in the case of the isopropylidenebridged 2 as compared with the methylene-bridged 4. The significantly higher barrier for the conformational inversion of 2 versus 5 (∆∆G c ‡ > 8 kJ mol Ϫ1 e) may also be ascribed to unfavorable steric interactions between one of the methyl groups of 2 and the fjord regions at the opposing ring (e.g., CH 3 ؒ ؒ ؒ H 1Ј ) in the transition state, during the "edge passage". View Article Online Table 3 Free energies of activation for thermal E,Z-isomerizations and for conformational inversions of homomerous bistricyclic enes 
Experimental
Melting points are uncorrected. All NMR spectra were recorded with a Bruker DRX 400 spectrometer, unless otherwise stated. 1 H NMR spectra were recorded at 400.1 MHz using CDCl 3 as solvent and as internal standard (δ(CHCl 3 ) = 7.26 ppm).
13 C NMR spectra were recorded at 100.6 MHz using CDCl 3 as solvent and as internal standard (δ(CHCl 3 ) = 77.01 ppm). The barriers were determined by DNMR spectroscopy, substituting the coalescence temperature T c and the extra- 10-[10,10-Dimethyl-9(10H)-anthracenylidene]-9,10-dihydro-9,9-dimethylanthracene (2) and 10-[10,10-dimethyl-9(10H)-anthracenyl]-9,10-dihydro-9,9-dimethylanthracene (3) 29 The reaction was carried out under an argon atmosphere in a 500 mL three-necked round-bottomed flask equipped with a reflux condenser (protected from moisture), a dropping funnel, and a magnetic stirrer. Freshly distilled dry THF (200 mL distilled over sodium diphenyl ketyl) was added to the flask and cooled to Ϫ5 ЊC. Dropwise slow injection of TiCl 4 (1.85 mL, 16.9 mmol) using a plastic syringe with continuous stirring gave a yellow complex, which was treated with Zn dust (2.26 g, 35.5 mmol). The temperature was gradually raised to rt and kept for another 1 h to give a greenish suspension. The mixture was then refluxed for 5 h to complete the reduction, giving a green-black suspension. After cooling to 0 ЊC, the mixture was treated with pyridine (2 mL), followed by dropwise addition over 3.5 h of a solution of ketone 7 (3.50 g, 15.5 mmol) 22 in dry THF (100 mL). The resulting mixture was refluxed for 48 h. The disappearance of the starting material was monitored by TLC. After being cooled to room temperature, the mixture was added to dichloromethane (300 mL), stirred vigorously and treated with aqueous HCl (0.1 M) to give two layers. The organic layer was separated, and the aqueous layer was extracted with dichloromethane. The organic layers were dried (MgSO 4 ), and the solvents were removed in vacuum. The crude products (3.0 g) were dissolved in dichloromethane and chromatographed on a silica column, using a hexane-diethyl ether gradient (up to 20% diethyl ether) as eluent. The chromatography afforded 2.1 g (65.6% yield) of the fluorescent yellow products. The 1 H-NMR spectrum (vide infra) indicated a 1 : 3 mixture of 2 and 3. Recrystallization from benzene gave single crystals of 2 (1 : 1 complex with benzene), mp 325 ЊC, suitable for X-ray analysis (lit.,
